Abstract -The application of polarimetric radar interferometry to the estimation of vegetation height is studied in this paper. A comparison between different choices for the scattering mechanisms employed in the retrieval algortihm is presented. When applied to crops, the best results are derived from the height difference between interferograms generated at HH+VV and HH-VV polarizations.
INTRODUCTION
Polarimetric radar interferometry (POLINT) enables the generation of different interferograms of the same scene. Each interferogram is associated with a scattering mechanism. According to the final application of this technique, the selection of the scattering mechanisms is a critical decision. This paper is focused on the extraction of vegetation height with POLINT. It is known that parts of trees or plants with different morphological characteristics exhibit different scattering properties. If those parts are physically located at different heights inside the vegetation volume or present dissimilar vertical distributions, their effective phase centers should be placed also at different heights. Since polarimetry can distinguish between scattering behaviors, it can be applied to this problem in order to form interferograms associated with particular scattering mechanisms. In that way, the phase difference between these interferograms is directly related to the height of the vegetation cover in the scene. This paper discusses some approaches that have been employed so far in the selection of the scattering mechanisms used for these simultaneous interferograms. A direct comparison when applied to crops is also presented, based on experimental data acquired in controlled conditions with ground-based systems.
SELECTION OF SCATTERING MECHANISMS
Two general methods have been employed so far in the choice of the scattering mechanisms used for these simultaneous inter- ferograms. The first method is based on a recently published algorithm for optimizing the interferometric coherence [ l] . This optimization produces three pairs of scattering mechanisms which result in different coherences. In case of a non vegetated surface, all three pairs of scattering mechanisms produce interferograms centered at the surface topography. When we are interested in computing the height of a vegetation volume present in the scene (or an estimate related to the absolute height), we have to calculate the phase difference between first and second, or second and third, or first and third. The interpretation of those scattering mechanisms is not easy. They are selected to maximize the coherence, but no information is provided about their relative position inside the vegetation volume. Each mechanism may be located at the top of the plants, or at the ground level, or somewhere in between. Therefore, we cannot infer which mechanisms should be used for calculating the best parameter related to the actual height of the plants.
Some experimental results obtained with this technique were discussed in [2,3].
In contrast with this choice resulting from the coherence optimization, a selection based on the knowledge of the scattering properties of the imaged scene can be employed. It consists in deciding a priori which scattering mechanisms should be used. For example, if one knows that the cross-polar return is mostly produced by the crown of the plants, and that the horizontal polarization backscatter comes from the ground-stem interaction, two interferograms at HH and HV should be computed. Evidently, the advantage is the easier interpretation of the scattering mechanisms we are dealing with. The drawback is that it requires a previous knowledge of the scene. Examples of this approach are reported in [4, 51. As far as the phase accuracy is concerned, the variance of the relative height differences is quite similar in both approaches, because most of the times the selected scattering mechanisms in the second approach exhibit coherences of the same order as those of the optimization [6] . In this work, both approaches are compared when applied to crops. Two examples of the second approach are presented: a direct use of the three channels provided by the HV basis (HH, 
EXPERIMENTAL RESULTS
This technique has been tested with two data sets. The first corresponds to maize and rice samples measured at L, S, C and X band in laboratory conditions at the European Microwave Signature Laboratory, at JRC Ispra, Italy. The second consists of outdoor experiments performed with the fully polarimetric wide-band ground-based scatterometer developed at the Universitat Politbcnica de Catalunya (UPC), Barcelona, Spain. Measurements were conducted on bare rough surfaces and two sorghum fields at different growth stages. Fig. 1 shows photographs of all three crops: maize, rice and sorghum.
The maize sample consists of 6 x 6 plants about 1.8 m high. Fig, 2 shows the heights derived for every single scattering mechanism as a function of frequency. The absolute height of a mechanism is known thanks to the EMSL configuration because the ground level is prefectly located. However, the important parameter is not the absolute height with respect to the ground level, but the relative height differences between mechanisms. The best performance is provided by two mechanisms of the Pauli basis: HH+VV and HH-VV. HH-VV characterizes a dihedral behavior which corresponds to the interaction of ground and stems. The phase center of this scattering mechanism is ideally close to the ground level [7] . Instead, HH+VV corresponds to direct scattering from the above ground particles, so it is located clearly separate from the ground. These two scattering mechanisms yield the maximum height difference (about 40 cm) and behave regularly over the whole frequency range employed in the experiment. Results obtained by using directly the H V basis are not so well separated. Finally, the mechanisms provided by the coherence optimization are not well separated and behave irregularly with frequency.
Similar comments can be written for the rice sample, which consists of 9 x 9 plants about 60 cm high. At first sight, the estimates behave more irregularly than for the maize sample: only for frequencies higher than 4 GHz the separation between scattering mechanisms follows the expected distribution (i.e. HH-VV at the bottom and HH+VV at the top). At low frequencies there exist many fluctuations on the estimates and they are not well separate. This phenomenon may be produced by differmples: maize, rice and sorghum ent causes. For example, at low frequencies all the backscatter return is dominated by the ground-stem interaction, which is many dB's above the scattering by the rest of the plant components. Moreover, the physical structure of the plants is more random than maize. As in the maize experiment, the optimum scattering mechanisms vary significantly their relative position inside the volume when the frequency changes. For instance, from 4 to 5 GHz the first is at the bottom and the third at the top, whereas from 6.5 to 7.5 GHz they are swapped. There are also bands with all three optimum mechanisms centered at the same height. Therefore, their choice is not a good starting point for height estimation. In contrast, the mechanisms associated with the Pauli matrices exhibit a fairly uniform separation of about 20 cm independently from frequency. Regarding the HV option, its estimates are not as clearly separate as the Pauli matrices ones.
The sorghum crops were not homogeneous and their height differed from 1 m to 1.2 m in the first field, whereas in the second field the height varied between 1.2 and 1.4 m. The size of the test fields was lox 10 m and the distance between the antennas and the center of the test field was 18 m, covering an incident angle range from 55 to 65 degrees. Fully polarimetric data were collected at S , C and X band for several baseline distances. Spatial resolutions were about 1.6 m along ground-range and 0.8 m along cross-range. In this campaign, the most important source of coherence degradation was temporal decorrelation, mainly caused by the time interval between the acquisitions and the oscillation movement of the plants produced by a strong wind. However, the obtained results confirm the same behavior described in the indoor measurements: the best height estimation is given by the scattering mechanisms of the Pauli basis (HH+VV and HH-VV). Fig. 4 shows the absolute height derived at C band by selecting different scattering mechanisms along the ground range dimension corresponding to the first sorghum field.
CONCLUSIONS
Polarimetric SAR interferometry has been tested when applied to crop height estimation. Some experimental results have been obtained with ground-based radars, both in outdoor and indoor operation. The results processed are quite satisfactory. Moreover, a comparison between different choices of scatter- 
